Members of the transforming growth factor (TGF)-␤ family are important regulators of skeletal development. In this study, we investigated the effect of TGF-␤1 on inorganic phosphate (Pi) transport and on expression of the type III Pi carriers Glvr-1 and Ram-1 in murine ATDC5 chondrocytes. TGF-␤1 induced a selective, dose-and time-dependent increase in sodium-dependent Pi transport in ATDC5 cells. This response was dependent on RNA and protein synthesis and reflected a change in the maximal rate of the transport system, suggesting that TGF-␤1 induces the synthesis of new Pi carriers and their insertion into the plasma membrane. Consistently, Northern blotting analysis showed a dose-dependent increase in Glvr-1 messenger RNA expression in response to TGF-␤1, which preceded the maximal stimulation of Pi transport by several hours. Glvr-1 thus likely mediates at least part of the increase in Pi uptake induced by TGF-␤1. Ram-1 messenger RNA expression was not affected by TGF-␤1. TGF-␤1 activated the Smad signaling pathway and the mitogen-activated protein kinases ERK and p38 in ATDC5 cells. Unlike the regulation of Pi transport by receptor tyrosine kinase agonists in osteoblasts, the effect of TGF-␤1 on Pi uptake in ATDC5 cells did not involve protein kinase C or mitogen-activated protein kinases, suggesting that a specific, possibly Smad-dependent, signal mediates this response. In conclusion, TGF-␤1 stimulates Pi transport and Glvr-1 expression in chondrocytes, suggesting that, like proliferation, differentiation, and matrix synthesis, Pi handling is subject to regulation by TGF-␤ family members in boneforming cells. (Endocrinology 141: 2236 -2243, 2000) 
M EMBERS of the transforming growth factor (TGF)-␤
family are important regulators of skeletal development, which influence the proliferation, differentiation, and activity of bone-forming cells. TGF-␤s initiate their cellular action by binding to the types I and II TGF receptor serine/ threonine kinases (1) . Receptor activation then leads to the phosphorylation of Smad2 and Smad3, which are essential components of TGF-␤ signaling in many cell types. These phosphorylated Smads form complexes with Smad4 and are translocated to the nucleus, where they regulate gene transcription. In addition to the Smad pathway, TGF-␤s have been reported to activate several other signaling molecules, including the TGF-␤-activated kinase TAK-1, as well as the three major types of mitogen-activated protein kinases (MAPK), namely: extracellular signal-regulated kinase (ERK), p38 MAPK, and Jun-N-terminal kinase (JNK) (1) (2) (3) .
Inorganic phosphate (Pi) transport probably represents an important function of bone-forming cells, in relation to extracellular matrix mineralization (4, 5) . Several observations indicate that type III sodium-dependent Pi transporters are involved in regulated Pi handling in bone-forming cells in vitro (6, 7) . Moreover, in situ hybridization recently revealed expression of the type III transporter Glvr-1 in a subpopulation of early hypertrophic chondrocytes during endochondral bone formation in vivo, inferring a potential role for this Pi carrier in extracellular matrix calcification (8) .
Types I and II TGF receptors are both expressed in proliferating and early hypertrophic chondrocytes in the growth plate, suggesting that TGF receptors and Glvr-1 are coexpressed to some extent during chondrocyte differentiation in vivo (9, 10) . The mouse embryonal carcinoma-derived ATDC5 chondroprogenitor cells reproduce in vitro the various stages of chondrocyte differentiation, including sequential production of type II and type X collagen and mineralization of the deposited collagenous matrix (11, 12) . The functional characteristics of Pi transport in ATDC5 cells are representative of a type III Pi transporter, and we recently observed Glvr-1 messenger RNA (mRNA) expression in these cells (13) . The aims of the present study were to examine the effect of TGF-␤1 on Pi transport and on the expression of type III Pi transporters in chondrocytes, using the ATDC5 cell line as an in vitro model, as well as to investigate initial signaling events triggered by TGF-␤1 in these cells. 
Materials and Methods Materials

Cell culture
Murine chondrogenic ATDC5 cells were cultured, as previously described, in differentiation medium consisting of DMEM/F12 (1:1) containing 5% FCS, 10 g/ml insulin, 10 g/ml transferrin, 3 ϫ 10 Ϫ8 m sodium selenite, 100 IU/ml penicillin, and 100 g/ml streptomycin (11). All cultures were maintained at 37 C in a humidified atmosphere of 5% CO 2 -95% air. Subcultures were obtained once a week by removing the cells from the dishes using 0.25% trypsin in a Ca 2ϩ and Mg 2ϩ free Earle's salt solution containing 2 mm EDTA.
The cells were plated in 24-well tissue culture clusters for Pi and alanine uptake measurements, in 25 cm 2 cell culture flasks for RNA extraction, and in 6-well tissue-culture clusters for Western blotting analyses. The cells reached confluence within 3 days, and experiments were performed on days 9 -10. For all experiments, ATDC5 cells were preincubated for 18 h in differentiation medium without insulin before stimulation with TGF-␤1 or its vehicle for the indicated times.
Uptake of Pi or alanine
Transport studies were performed in Earle's buffered salt solution (EBSS), as previously described (14) . Pi transport was initiated by adding 0.3 ml EBSS containing 0.1 mm H 3 3 H]-alanine (1 Ci/ml) and 1 mm Na 2 HPO 4 . After 6 min for Pi or 2 min for alanine, solute uptake was stopped by washing the cell layer with ice-cold, substrate-free EBSS. The cells were then solubilized with 300 l 0.2 N sodium hydroxide, and the radioactivity contained in a 200-l aliquot was counted using a standard liquid scintillation technique. The results were normalized for protein content, which was determined in the remaining 100 l using the Coomassie Plus Protein Assay Reagent from Pierce Chemical Co. (Rockford, IL), with BSA as a standard. The sodiumindependent components of Pi and alanine uptake were determined by replacing NaCl in the uptake solution with choline chloride.
RNA extraction and Northern blotting
Total RNA was isolated using TriPure Isolation Reagent (Roche Molecular Biochemicals, Rotkreuz, Switzerland). The cell layer was scraped into 1 ml TriPure Reagent and homogenized with a pipette. The cell lysates were then cleared by centrifugation before addition of 0.2 ml chloroform. After vigorous mixing, the samples were separated into three phases by centrifugation. Finally, the RNA contained in the upper aqueous phase was precipitated with 0.5 ml isopropanol, washed with 75% ethanol, air-dried, and resuspended in water.
For Northern blotting analyses, 10 g total RNA were denatured in glyoxal and separated by electrophoresis on a 1.2% agarose gel. RNA was transferred to GeneScreen membranes by capillary transfer. Membranes were UV cross-linked and stained with methylene blue to control equal sample loading and RNA integrity. The membranes were then hybridized to a PCR-amplified fragment (bp 1208 -1920) of the human Glvr-1 complementary DNA (cDNA) (GenBank accession no. L20859) or to a PCR-amplified fragment (bp 1195-1680) of the rat Ram-1 cDNA (GenBank accession no. L19931) (15, 16) . These central regions of Glvr-1 and Ram-1 exhibit low homology to each other. The primers used for the PCR amplifications were: Glvr-1 forward 5Ј-gaagaccatgaagaaacaaa-3Ј (bp 1208 -1227 of the human Glvr-1 cDNA), Glvr-1 reverse 5Ј-aactggaagaggagagagac-3Ј (antisense to bp 1901-1920 of the human Glvr-1 cDNA), Ram-1 forward 5Ј-gcttcctacggccgagcact-3Ј (bp 1195-1214 of the rat Ram-1 cDNA), and Ram-1 reverse 5Ј-atcctcgtgaggctggtcag-3Ј (antisense to bp 1661-1680 of the rat Ram-1 cDNA). To correct for differences in sample loading, the expression of the housekeeping gene cyclophilin was assessed by simultaneous hybridization with a BamHI fragment of the human cyclophilin cDNA (17) . The probes were labeled with 50 Ci [␣-
32 P] deoxycytidine triphosphate by random priming. Prehybridization (30 min) and hybridization (2 h) were performed in Quickhyb buffer (Stratagene, La Jolla, CA), which was supplemented for the hybridization with 100 g/ml salmon sperm DNA. Membranes were washed twice for 15 min in 2 ϫ SSC, 0.1% SDS at 25 C and for 10 -30 min at 60 C in 0.1 ϫ SSC, 0.1% SDS before exposition to Kodak (Rochester, NY) X-OMAT AR films for 18 -72 h at Ϫ80 C. Signals were quantitated by densitometry, using the 300A Computing Densitometer from Molecular Dynamics, Inc. (Sunnyvale, CA).
Western blotting
After stimulation of the cells, for the indicated times, with 5 ng/ml TGF-␤1 or its vehicle, the culture medium was removed, and the cells were immediately frozen in liquid nitrogen. Whole-cell lysates were obtained by solubilizing the cells at 4 C in 1 ml lysis buffer containing 50 mm Tris (pH 7.4), 150 mm NaCl, 1 mm phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 10 g/ml leupeptin, 2 mm Na 3 VO 4 , 0.01 m calyculin A, 0.1 m mycrocystin LR, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS. The cell lysates were cleared by centrifugation at 6000 rpm at 4 C for 30 min, and the supernatant was diluted with an equal amount of 2ϫ reducing sample buffer consisting of 125 mm Tris (pH 6.8), 20% glycerol, 4% SDS, 200 mm dithiothreitol, and 0.025% bromophenol blue. The samples were boiled for 5 min, fractionated by reducing SDS-PAGE on 6 -15% acrylamide gradient gels, and transferred to Immobilon P membranes (Millipore Corp., Bedford, MA). Immunoblotting was performed as described previously, with appropriate primary antibodies and horseradish peroxidase-conjugated secondary antibodies (18) . Immunoreactive bands and biotinylated molecular weight standards were visualized by ECL (Amersham International plc).
Statistical analysis
Results are expressed as mean Ϯ sem. Significance of differences was calculated by the two-tailed unpaired Student's t test or by ANOVA for multiple comparisons. A difference between experimental groups was considered significant when the P value was less than 0.05.
Results
Characteristics of Pi transport stimulation by TGF-␤1 in ATDC5 cells
The effect of TGF-␤1 on sodium-dependent Pi uptake was investigated in ATDC5 cells cultured for 9 -10 days in differentiation medium. At this stage, ATDC5 cells express an early chondrocytic phenotype, as indicated by type II collagen and proteoglycan production (11) . A selective increase in sodium-dependent Pi transport was observed in ATDC5 cells stimulated for 24 h with 5 ng/ml TGF-␤1 (Table 1) . Sodium-dependent alanine transport was not significantly affected in the same conditions, suggesting that the effect of TGF-␤1 on Pi uptake is mediated by a selective cellular mechanism, rather than by a general alteration in the sodium gradient driving force. The sodium-independent component of Pi uptake accounted for less than 20% of total Pi uptake in vehicle-treated cells and was not affected by TGF-␤1. It was thus neglected in further experiments (data not shown).
The stimulation of Pi uptake by TGF-␤1 was dose dependent (Fig. 1A) . A significant increase was observed in response to 0.5 ng/ml TGF-␤1, and maximal stimulation was achieved at 5 ng/ml. The response to TGF-␤1 was also time dependent and progressive. A stimulation of Pi uptake was first detectable after 2 h, reached maximal values after 8 h, and was still maintained after 24 h (Fig. 1B) . Furthermore, the stimulatory effect of TGF-␤1 on Pi uptake seemed to be dependent on RNA and protein synthesis, because it was completely blocked in cells pretreated with either 1 g/ml actinomycin D (Fig. 2A) or 10 m cycloheximide (Fig. 2B) . Finally, kinetic analysis indicated that the stimulatory effect of TGF-␤1 on Pi uptake is related to an increase in the maximal rate (V max ) of the transport system, without a significant change in its apparent affinity constant (K M ) for phosphate ( Table 2) .
Stimulation of Glvr-1 expression by TGF-␤1 in ATDC5 cells
Northern blotting analysis showed a dose-dependent increase in Glvr-1 mRNA expression in response to TGF-␤1 in ATDC5 cells, which was approximately parallel to the dosedependent increase in Pi transport. An increase in Glvr-1 mRNA was indeed detectable from 0.1 ng/ml and progressive up to 2 ng/ml TGF-␤1 (Fig. 3) . The induction of Glvr-1 mRNA expression was time dependent, detectable already after 1 h and maximal after 2 h (Fig. 4) . Thereafter Glvr-1 mRNA levels in TGF-␤1-treated cells remained high and were still elevated after 24 h. The expression of the housekeeping gene cyclophilin was not significantly affected by TGF-␤1 at any time point. Steady-state Glvr-1 mRNA levels in cells exposed to 5 ng/ml TGF-␤1 for 2 h were consistently more than 6-fold higher than those observed in vehicletreated cells (Figs. 3 and 4) .
Preincubation of the cells with actinomycin D, which markedly reduced the abundance of Glvr-1 mRNA in both TGF-␤1 and vehicle-treated cells, completely blocked the induction of Glvr-1 expression by TGF-␤1, suggesting that this response is dependent on transcription (Fig. 5A) . Inhibition of protein synthesis by preincubation with cycloheximide slightly reduced the induction of Glvr-1 mRNA by TGF-␤1, without, however, completely blocking the response, suggesting that the effect of TGF-␤1 is, at least in part, independent of new protein synthesis (Fig. 5B) .
Interestingly, Northern blotting analysis also showed expression of the related type III Pi transporter Ram-1 in ATDC5 cells (Fig. 6) (16) . However, in contrast to Glvr-1 expression, the level of Ram-1 mRNA was not notably affected by TGF-␤1.
Signaling pathways activated by TGF-␤1 in ATDC5 cells
Western blotting analysis revealed sustained phosphorylation of Smad2 in response to TGF-␤1 in ATDC5 cells, which Sodium-dependent Pi and alanine (Ala) transports were determined in ATDC5 cells treated with 5 ng/ml TGF-␤1 or its vehicle, for 24 h, as described in Materials and Methods. Sodium-dependent transport was assessed by substracting the values of sodium-independent solute accumulation from the total solute uptake measured in the presence of 143 mM NaCl. Each value represents the mean Ϯ SEM of six determinations from a representative experiment.
a P Ͻ 0.001, as compared with vehicle-treated cells. PiT, Pi transport; prot, proteins. express both Smad2 and Smad3 (Fig. 7) . Smad2 phosphorylation was detected already after 15 min and was maximal after 1 h. Later, the amount of phosphorylated Smad2 decreased slightly but was still substantial after 6 h. Phosphorylation of the highly homologous Smad3 generally parallels that of Smad2 in response to TGF-␤1 (19, 20) and was not assessed in these experiments, because no specific antiphospho-Smad3 antibody is available to date.
Interestingly, TGF-␤1 also induced activation of ERK and p38 MAPKs, as reflected by their phosphorylation (Fig. 8) . In contrast, we could not detect any significant increase in JNK activity in response to TGF-␤1 in ATDC5 cells (data not shown). The effect of TGF-␤1 on ERK phosphorylation, which, in our experimental conditions, is already high in vehicle-treated controls, was modest and transient (Fig. 8A) . Like Smad2 phosphorylation, ERK activation was already detectable after 15 min and maximal after 1 h. However, ERK phosphorylation then returned to basal levels within 3 h. Phosphorylation of p38 MAPK occurred with slower kinetics and was first detectable after 30 min (Fig. 8B) . The response was maximal after 1 h; but, although it decreased slightly thereafter, p38 MAPK phosphorylation was still higher than baseline after 6 h.
Pi transport stimulation by TGF-␤1 in the presence of protein kinase inhibitors
To examine a potential role of ERK and p38 MAPK in the stimulation of Pi transport by TGF-␤1, we used the MEK inhibitor PD98059 to block activation of ERK and the p38 MAPK inhibitor SB203580 to block p38 MAPK activity (21, 22) . At concentrations commonly used to observe specific effects of these inhibitors, neither of them blocked the stimulation of Pi transport induced by TGF-␤1, although SB203580 slightly diminished the response (Table 3) . In fact, a dose response analysis of the effect of SB203580 on Pi uptake stimulation by TGF-␤1 showed half-maximal and complete inhibition at, respectively, 50 and 100 m (data not shown). This observation likely corresponds to a nonspecific effect of this agent, independent of p38 MAPK inhibition, because, at these very high concentrations, SB203580 was previously reported to inhibit types I and II TGF receptors (23) . Consistently, we observed that the most proximal signaling event described downstream of TGF receptor activation, namely Smad2 phosphorylation, is impaired in the presence of 50 m SB203580 in TGF-␤1-treated cells (data not shown).
Protein kinase C (PKC) was previously suggested to mediate the stimulation of Pi uptake by platelet-derived growth factor and basic fibroblast growth factor (bFGF) in MC3T3-E1 osteoblast-like cells (24, 25) . We thus tested the effect of various PKC inhibitors, such as calphostin C, Rö 320432, Gö 6983, and Gö 6976, which target different subsets of PKC family members, on Pi transport stimulation by TGF-␤1 in ATDC5 cells (26, 27) . None of these agents blocked the increase in Pi uptake induced by TGF-␤1, although Gö 6976 slightly diminished the response (Table 3) .
Discussion
TGF-␤1 induces a selective, dose-and time-dependent increase in sodium-dependent Pi transport in ATDC5 chondrocytes. To our knowledge, this is the first study showing that a member of the TGF-␤ family influences Pi handling in bone-forming cells. Interestingly, we also recently observed a stimulatory effect of TGF-␤1 on Pi transport in human SaOS-2 osteosarcoma cells, indicating that TGF-␤1 regulates Pi uptake in osteoblast-like cells, as well as in chondrocytes (28) . The response to TGF-␤1 is dependent on RNA and protein synthesis and reflects a change in the V max of the transport system. These characteristics are similar to those previously reported for the regulation of Pi uptake by several hormones or growth factors in different types of bone-forming cells and suggest that the observed increase in Pi uptake may require the synthesis of new Pi carriers and their insertion into the plasma membrane (6, 14, 24, 25) .
Consistently, Northern blotting analysis showed a dosedependent increase in the expression of transcripts encoding the type III Pi transporter Glvr-1 in response to TGF-␤1 in ATDC5 cells. The induction of Glvr-1 expression preceded the maximal expression of Pi transport stimulation by several hours and seemed to be dependent on gene transcription. Furthermore, at least part of the effect of TGF-␤1 on Glvr-1 mRNA expression seemed to be direct, because the response was, to some extent, independent of new protein synthesis. The parallel between the changes in Glvr-1 expression and in Pi uptake strongly suggests that Glvr-1 mediates at least part of the stimulatory effect of TGF-␤1 on Pi transport in ATDC5 cells.
Parallel increases in Glvr-1 expression and Pi transport were also observed in SaOS-2 cells, in response to insulin-like growth factor-1 and TGF-␤1 (Ref. 6 and unpublished observations). Changes in Glvr-1 expression may thus represent a mechanism used by different growth factors to regulate Pi handling in bone-forming cells. Interestingly, although the related type III Pi transporter Ram-1 is also expressed in ATDC5 cells, its expression level was not affected by TGF-␤1. This observation reveals a distinct regulation of Glvr-1 and Ram-1 expression in ATDC5 cells and further suggests a specific role for Glvr-1 in the cellular response to TGF-␤1.
The present in vitro studies were conducted in a population of proliferating and maturing chondrocytes that are less differentiated than the hypertrophic cells in which Glvr-1 expression is observed in vivo, and it remains to be proven that our observations also apply to more differentiated cells (8) . Nevertheless, the colocalization of TGF receptors and Glvr-1 expression in the growth plate suggests that a stimulatory effect of TGF-␤s on Pi transport in chondrocytes might also occur in vivo (8 -10) .
As in many other cell types, TGF-␤1 induced the activation of the Smad-signaling pathway in ATDC5 chondrocytes, as illustrated by sustained Smad2 phosphorylation. In addition, TGF-␤1 also activated two different types of MAPKs, namely ERK and p38, whereas JNK activity was not increased. A similar selective activation of both ERK and p38 MAPK by TGF-␤1 has been recently observed in semiconfluent, undifferentiated ATDC5 cells, which were serum-starved overnight before addition of growth factors (29) . Despite some minor differences, which are most likely attributable to the different experimental conditions, our data obtained in confluent, type II collagen expressing ATDC5 cells confirm the results of this study and show a rapid and transient activation of ERK, as well as a slower and more prolonged activation of p38 MAPK. In addition, we show that Smad2 and ERK are activated with similar kinetics but that, in contrast to ERK activation (which is only transient), Smad2 phosphorylation is maintained for several hours, as is p38 MAPK activation.
The signaling mechanisms involved in the regulation of Pi transport in bone-forming cells are not well understood. PKCs have been suggested to mediate the stimulation of Pi uptake by growth factors acting through receptor tyrosine kinases in MC3T3-E1 osteoblast-like cells (24, 25) . In contrast, none of the PKC inhibitors tested markedly impaired the stimulation of Pi uptake induced by TGF-␤1 in ATDC5 cells, although Gö 6976 slightly diminished the response. These observations suggest that the regulation of Pi transport by TGF-␤1 in ATDC5 chondrocytes is essentially PKC independent, even though a minor contribution of a Gö 6976-sensitive PKC isoform cannot be excluded. The p38 MAPK pathway was also recently suggested to contribute to the regulation of Pi uptake by bFGF in MC3T3-E1 cells (25) . However, results obtained with the MEK1 inhibitor PD98059 and the p38 MAPK inhibitor SB203580 suggest that neither ERK nor p38 MAPK are essential for the stimulation of Pi uptake by TGF-␤1 in ATDC5 cells (21, 22) . The signaling mechanisms involved in the regulation of Pi transport by TGF-␤1 in ATDC5 chondrocytes thus seem to differ from those previously described in osteoblast-like cells stimulated with receptor tyrosine kinase agonists. As for many transcriptional responses induced by TGF-␤s in various cell types, Smads are, of course, very likely candidates to mediate the effect of TGF-␤1 on Glvr-1 expression and Pi transport in this system, although the specific roles of both Smad2 and Smad3 remain to be investigated.
In conclusion, our data indicate that TGF-␤1 stimulates both sodium-dependent Pi transport and Glvr-1 expression in ATDC5 cells. In addition to proliferation, differentiation, and matrix synthesis, TGF-␤1 thus also influences Pi handling in bone-forming cells, most likely by up-regulating the expression of the Glvr-1 Pi transporter. The signaling mechanisms mediating these responses and, in particular, the potential role of Smads remain to be investigated. ATDC5 cells were preincubated with the inhibitors, at the indicated concentrations, or with their solvent (DMSO; final concentration in the culture medium, Յ0.5%) for 2 h. The cells were then stimulated with 5 ng/ml TGF-␤1 or with its vehicle, in the presence of the inhibitors or DMSO, for 6 h, before determination of Pi uptake. Fold increases of Pi uptake in TGF-␤1-treated cells are calculated, as compared with basal Pi uptake (vehicle-treated cells) in the presence of the same inhibitor. Each value represents the mean Ϯ SEM of four to six determinations in a representative experiment.
a P Ͻ 0.001, as compared to basal Pi uptake (vehicle-treated cells), in presence of the same inhibitor.
b P Ͻ 0.01, as compared with fold increase without inhibitor. c P Ͻ 0.05, as compared to basal Pi uptake (vehicle-treated cells), in presence of the same inhibitor.
